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MULTIPLE DOPED LITHIUM MANGANESE OXIDE 
COMPOUNDS AND METHODS OF PREPARING SAME 

Field of the Invention 
The present invention relates to lithium manganese oxides for use in 
rechargeable lithium and lithium-ion secondary batteries and to methods of making 
lithium manganese oxides. 

Background of the Invention 

Rechargeable lithium and lithium-ion secondary batteries are presently 
used in portable electronics applications and are potential long-term candidates for 
powering emission-free vehicles. At present, LiCo0 2 , LiNi0 2 and LiMn 2 0 4 are 
considered to be the most attractive cathode (positive electrode) materials for use in 
lithium and lithium-ion batteries. LiNi0 2 and LiCo0 2 both have high theoretical 
capacities of about 275 mAh/g. However, the full capacity of these compounds cannot be 
achieved in practice and only about 140-150 mAh/g can be utilized. Further removal of 
lithium from LiNi0 2 and LiCo0 2 further decreases the cycleability of these compounds 
and causes exothermic decomposition of the oxide. This decomposition releases oxygen 
at elevated temperatures thus producing safety hazards. LiNi0 2 , in particular, raises 
safety concerns because it exhibits a sharper exothermic reaction at a lower temperature 
than LiCo0 2 . In addition to these problems, both cobalt and nickel are relatively 
expensive thus increasing the cost of using these compounds. 

LiMn 2 0 4 is often considered a desirable alternative to LiNi0 2 and LiCo0 2 
because it is cheaper and because it is believed to be safer on overcharge. In particular, 
LiMn 2 0 4 generally has no removable lithium to plate the anode when it is overcharged. 
Moreover, the end of charge member, Mn0 2 , is believed to be more stable than Co0 2 and 
Ni0 2 , the end of charge members of LiCo0 2 and LiNi0 2 , respectively. Nevertheless, the 
theoretical capacity of LiMn 2 0 4 is only 148 mAh/g and typically no more than about 
1 15-120 mAh/g can be obtained with good cycleability. 
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LiMn0 2 has traditionally been of great interest for use as a positive 
electrode material because it has a large theoretical capacity (280 mAh/g). Furthermore, 
LiMnCb has a stable end of charge member (Mn02) and is a relatively inexpensive 
compound to produce. Typically, LiMn0 2 is present in an orthorhornbic crystalline form. 
When cycled in a rechargeable lithium or lithium-ion battery, this orthorhornbic form 
converts into a spinel form having a 4V plateau (cubic phase) and a 3V plateau 
(tetragonal distorted spinel phase). Unfortunately, however, this spinel form loses 
capacity rapidly when it is cycled through both plateaus. Therefore, this. form has not 
found much utility in lithium and lithium-ion batteries. 

In order to provide a LiMn0 2 compound that is suitable for lithium and 
lithium-ion batteries, there have been attempts to produce LiMnO? with a layered 
crystalline structure analogous to the layered structure of LiCo02 and LiNiO?. For 
example, a LiMn0 2 phase has been produced through ion exchange that has the same 
layered cation distribution as LiCo0 2 . See A. Armstrong and P.G. Bruce. Nature 381, 
499 (1 996). The crystalline structure of this layered phase is monoclinic because of the 
Jahn Teller effect. The stability of the material is poor, however, and the capacity 
diminishes within only tens of cycles. 

Recently, Jang et al. described a layered compound LiMnj.xAlxO? having 
a monoclinic crystalline structure and prepared in a solid state reaction at temperatures 
exceeding 900 °C. See Y. Jang et al,. Electrochemical and Solid-State Letters 1,13 
(1998). The aluminum-doped material produced by Yang et al. was shown to have better 
cycleability than layered LiMnCb and was able to sustain more than 20 cycles. But the 
reversible capacity of this material is only about 110 mAh/g, far below the theoretical 
capacity. Moreover, after only a few cycles, this material converts to the spinel form 
having separate plateaus at 3 V and 4 V and thus loses capacity quickly through cycling. 

Summary of the Invention 
The present invention includes lithium manganese oxide compounds of 

the formula: 

-2- 
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LiMn,. x [A] x 0 2 

wherein 0<x<0.5, [A] is a combination of two or more dopants, and the average oxidation 
state N of the dopant combination [A] is +2.8 < N < +3.2. For these compounds, N is 

5 preferably about +3.0 and 0<x<0.4. Preferably, at least one of the dopants is either 
titanium or zirconium. 

In one embodiment of the invention, x=a and [A] x is A'^A 2 ^. According 
to this embodiment, A 1 is Ti, Zr, or a combination thereof; and A 2 is Mg, Ca, Sr, Zn, Ba, 
or a combination thereof. More preferably. A 1 is Ti, A 2 is Mg and 0<a<0.4. 

10 In a second embodiment of the invention, the lithium manganese oxide 

compound of the invention has the formula LiMnj-bNicA^A^A 2 ^, wherein A 0 is Cr, 
Co, or a combination thereof; A 1 is Ti, Zr, or a combination thereof; A 2 is Mg, Ca, Sr, Zn, 
Ba, or a combination thereof; b=c+d+e+f; 0.1 <b<0.5; 0.1 <c<0.3; 0<d<0.4; 0<e<0.2; 
0<f<0.2, and the average oxidation state N of the dopant combination [Ni, A 0 , A 1 , A 2 ] is 

15 +2.8 < N < +3.2. Preferably, in this embodiment, A 0 is Cr, A 1 is Ti, A 2 is Mg, and N is 
about +3.0. 

The present invention also includes lithium and lithium-ion secondary 
batteries that include the above lithium manganese compounds as the positive electrode 
material. In addition, the present invention includes dilithiated forms of the lithium ^ 
20 manganese oxide compounds of the invention having the formula Li|- 2 Mni. x [A] x 0 2 , 
wherein 0^z<l. 

The present invention further includes methods of preparing lithium 
manganese compounds having the formula LiMni_ x [A] x 02 wherein 0<x<0.5, [A] is a 
combination of two or more dopants, and the average oxidation state N of the dopant 
25 combination [A] is +2.8 < N < +3.2. The methods of the invention forms these 

compounds by first mixing together source compounds containing lithium, manganese 
and [A] in amounts corresponding to the formula LiMni- x [A] x Cb wherein 0<x<0.5, [A] is 
a combination of two or more dopants, and the average oxidation state N of the dopant 
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combination [A] is +2.8 ^ N < +3.2. The mixture of source compounds is then fired 
(heated) at a temperature of greater than 700°C, and preferably between 800°C and 1000°C 
to produce the LiMni_ x [A] x 02 compound. 

These and other features and advantages of the present invention will 
5 become more readily apparent to those skilled in the art upon consideration of the 
following detailed description, which describes both the preferred and alternative 
embodiments of the present invention. 

Detailed Description of the Preferred Embodiments 
10 In the following detailed description, preferred embodiments are described 

in detail to enable practice of the invention. Although the invention is described with 
reference to these specific preferred embodiments, it will be understood that the invention 
is not limited to these preferred embodiments. But to the contrary, the invention includes 
numerous alternatives, modifications and equivalents as will become apparent from 
15 consideration of the following detailed description. 

The present invention relates to using multiple dopants to improve the 
stability of LiMnC>2 in cycling. The compounds of the invention have a substantially 
single phase, layered structure and may include a certain amount of monoclinic 
distortion. The structure of these compounds can be determined by powder x-ray 
20 diffraction or any other suitable method. 

The compounds of the present invention can be represented according to 

the formula: 

LiMn,. x [A] x 0 2 

25 wherein 0<x<0.5, [A] is a combination of two or more dopants, and the average oxidation 
state N of the dopant combination [A] is +2.8 < N < +3.2. Preferably, the average 
oxidation state is about +3.0. As would be readily understood by those skilled in the art, 
the average oxidation state N is based on the molar amounts of the dopants used and the 
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valences of the dopants used. For example, if the dopants are 40% Ti 4+ and 60% Mg 2+ , 
on a molar basis, the average oxidation state N of he dopants [A] would be (0.4)(+4) + 
(0.6)(+2) = +2'.8. 

It is important in accordance with the invention that the manganese 
5 content in the lithium manganese oxide compound LiMni- x [A] x 02 is greater than 0.5; i.e., 
that 0<x<0.5. Preferably, the manganese content is 0.6 or greater, i.e. 0<x<0.4. For the 
compounds of the invention, a manganese content of greater than 0.5 and preferably 0.6 
or greater produces a compound having good safety characteristics. Furthermore, 
because manganese is relatively inexpensive compared to the dopants used with the 

10 invention, it allows the lithium manganese oxide to produced at a relatively lower cost. 

As defined above, the dopants [A] are used to replace manganese and are 
not used to take the place of the lithium ions in the lithium manganese oxide compounds 
of the invention. Therefore, the reversible capacity is maximized in the compounds of 
the invention. Exemplary dopants for use in the invention can be either metals or non- 

15 metals that are cationic in nature. These dopants can generally be elements other than 
manganese having a Pauling's electronegativity of not greater than 2.05 or Mo. 
Preferably, these dopants are two or more of Li, Ni, Cr, Co, Al, Ti, Zr, Mg, Ca, Sr, Zn 
andBa. 

In accordance with the invention, at least one of the dopants used in the 
20 lithium manganese oxide compounds is preferably either titanium or zirconium. It has 
been discovered that the presence of the titanium or zirconium as dopants provides 
greater structural stability to the lithium manganese oxides of the invention. In addition 
to either titanium, zirconium, or a combination thereof, the lithium manganese oxide 
compounds typically include a monovalent dopant (e.g. Li) and/or a divalent dopant (e.g. 
25 Mg, Ca, Sr, Zn or Ba) to provide the desired average oxidation state N for the dopants 
[A]. 

In one embodiment of the invention, the lithium manganese oxide 

] 2 

compound can be described according to the formula LiMnj. a A a/aA'a^Cb, i.e., wherein 
x=a and [A] x is replaced with A^A 2 ^. In this embodiment. A 1 is preferably Ti. Zr or a 
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combination thereof, and is more preferably Ti. In addition, A 2 is preferably Mg, Ca, Sr, 
Zn, Ba, or a combination thereof, and is more preferably Mg. It is also preferred that 

0<a<0.4. 

In a second embodiment of the invention, the lithium manganese oxide 
compound can have the formula LiMnj-bNicA^A^A 2 ^, wherein A 0 is Cr, Co, or a 
combination thereof; A 1 is Ti, Zr, or a combination thereof; A 2 is Mg, Ca, Sr, Zn, Ba, or a 
combination thereof; b=c+d+e+f; 0.1 <b<0.5; 0.1 <c<0.3; 0<d<0.4; 0<e<0.2; and 
0<f<0.2. Preferably, 0.1<b^0.4; 0.1<c<0.3; 0<d<0.4; 0<e<0.2; and 0<f<0.2. In this 
embodiment, A 0 is preferably Cr, A 1 is preferably Ti, and A 2 is preferably Mg. In other 
words, the preferred formula is LiMni- b Ni c Cr d Ti e Mgf02. 

The lithium manganese oxide compounds of the invention can be prepared 
by mixing together stoichiometric amounts of source compounds containing lithium, 
manganese and [A] to give the desired molar ratio for the formula LiMnj- x [A] x 02 
described above. The source compounds (raw materials) can be the pure elements but are 
typically compounds containing the elements such as oxides or salts thereof. For 
example, the source compounds are typically hydrated or anhydrous oxides, hydroxides, 
carbonates, nitrates, sulfates, chlorides or fluorides, but can be any other suitable source 
compound that will not cause elemental defects in the resulting lithium manganese oxide 
compound. In addition, the elements for the lithium manganese oxide compound can 
each be supplied from separate source compounds or at least two of the elements can be 
supplied from the same source compounds. In addition, the source compounds can be 
mixed in any desirable order. 

The specific source compounds used in accordance with the invention 
depend on numerous factors including the cost, disperseability, reactivity and by-products 
of the source compounds. In particular, oxides, hydroxides and carbonates can be 
preferred in some instances because they do not require additional equipment to remove 
by-products but can be less reactive than nitrates, sulfates, chlorides and fluorides that 
produce by-products that must be removed. The lithium manganese oxide compounds of 
the present invention can be prepared, for example, using Li 2 CC>3, LiOH and Mn0 2 to 
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provide the lithium and manganese, and various source compounds (e.g. Ti0 2 , Mg(OH) 2 , 
NiO, Ni(OH) 3 , Cr(N0 3 ) 3 and Cr(OH) 3 ) to provide the dopants. 

Although the lithium manganese oxide compounds are preferably prepared 
by solid state reactions, it can be advantageous to react the raw materials using wet 
chemistry such as sol-gel type reactions, alone or in combination with solid state 
reactions. For example, the source compounds comprising the manganese and dopants 
[A] can be prepared as a solution in a solvent such as water and the manganese and 
dopants [A] precipitated out of solution as an intimately mixed compound such as a 
hydroxide. The mixed compound can then be blended with a lithium source compound. 
The reaction mixture can also be prepared by suspending source compounds in a solution 
of other source compounds and spray drying the resulting slurry to obtain an intimate 
mixture. Typically, the selection of reaction methods will vary depending on the raw 
materials used and the desired end product. 

The mixture once prepared can be reacted to form the doped lithium 
manganese oxide of the invention. Preferably, the mixture is reacted by firing the 
mixture at greater than 700°C, and preferably between 800°C and 1000°C, for sufficient 
time to produce the compound in a single phase. The mixture is generally fired for a total 
of between about 4 and about 48 hours in one or more firing steps with at least one of the . , 
firing steps occurring at a temperature of greater than 700°C. The mixture can be fired in 
an oxygen-containing atmosphere where additional oxygen is needed to form the 
compound. Preferably, the mixture is fired in an inert (e.g. argon) atmosphere. Any 
suitable apparatus can be used to fire the compound including, e.g., a rotary calciner, a 
stationary furnace and a tunnel furnace. The resulting compound is then cooled to room 
temperature using a slow cooling rate (e.g. less than about 5°C/min) or a rapid cooling 
rate (e.g. greater than about 8°C/min). Preferably, the resulting compound is cooled at a 
rate of between about 8°C/min and about 140°C/min. 

In addition to the method of producing the LiMn]. x [A] x 0 2 compounds of 
the invention discussed above, the compounds of the invention can be prepared by ion 
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exchange. In particular, a compound can be prepared in the manner described above 
using alkali metals such as sodium or potassium instead of lithium, and the resulting 
compound (NaMni. x [A] x 0 2 or KMn,. x [A] x 0 2 ) can be ion-exchanged with lithium in a Li + 
ion-containing solution to obtain LiMni. x [A] x 0 2 . 
5 The compounds of the invention can be used as an active cathode material 

in an electrochemical cell for a lithium or lithium-ion battery. Typically, these 
compounds are combined with a carbonaceous material and a binder polymer to form the 
cathode for the electrochemical cell. The negative electrode of the lithium or lithium-ion 
battery can be lithium metal or alloys, or any material capable of reversibly lithiating and 

10 delithiating at an electrochemical potential relative to lithium metal between about 0.0 V 
and 0.7 V. Examples of negative electrode materials include carbonaceous materials 
containing H, B, Si and Sn; tin oxides; tin-silicon oxides; and composite tin alloys. The 
negative electrode is separated from the positive electrode material in the cell using an 
electronic insulating separator. The electrochemical cell further includes an electrolyte. 

15 The electrolyte can be non-aqueous liquid, gel or solid and preferably comprises a lithium 
salt, e.g., LiPF 6 . 

Electrochemical cells using the lithium manganese oxide compounds of 
the invention as the positive electrode material can be combined for use in portable 
electronics such as cellular phones, camcorders, and laptop computers, and in large 
20 power applications such as for electric vehicles and hybrid electric vehicles. 

The present invention further includes dilithiated forms of the compounds 
described above. In particular, The lithium manganese oxide compounds of the invention 
allow lithium ions to readily diffuse during both the charge and discharge cycles of the 
battery. In the discharge cycle for these lithium manganese oxides wherein z Li per 
25 formula unit are electrochemical ly removed per formula unit, the lithium manganese 
oxide takes the formula Li]. 2 Mn|. x [A] x 02 ? wherein 0<z< 1 . 

It is understood that upon reading the above description of the present 
invention and reviewing the accompanying drawings* one skilled in the art could make 
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changes and variations therefrom. These changes and variations are included in the spirit 
and scope of the following appended claims. 
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THAT WHICH IS CLAIMED: 

1 . A compound having the formula: 

LiMn, :X [A] x 0 2 

5 wherein 0<x<0.5, [A] is a combination of two or more dopants, and the average oxidation 
state N of the dopant combination [A] is -1-2.8 < N < +3.2. 

2. The compound according to Claim 1, wherein 0<x<0.4. 

10 3. The compound according to Claim 1 or 2, wherein at least one of 

the dopants [A] is Ti or Zr. 

4. The compound according to Claim 1 or 2, wherein x=a; [A] x is 
A a/2A a/2; A is Ti, Zr, or a combination thereof; and A is Mg, Ca, Sr, Zn, Ba, or a 

15 combination thereof. 

5. The compound according to Claim 4, wherein A 1 is Ti. 

6. The compound according to Claim 4 or 5, wherein A 2 is Mg. 



20 



25 



7. The compound according to Claim 1 , wherein LiMni_ x [A] x 02 has 
the formula LiMn^bNicA^A^A 2 ^, wherein A 0 is Cr, Co, or a combination thereof; A 1 
is Ti, Zr, or a combination thereof; A 2 is Mg, Ca, Sr, Zn, Ba, or a combination thereof; 
b=c+d+e+f; 0.1 <b<0.5; 0.1 <c<0.3; 0<d<0.4; 0<e<0.2; and 0<f<0.2. 

8. The compound according to Claim 7, wherein 0.1 <b<0.4 and 

0<d<0.4. 
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The compound according to Claim 7 or 8, wherein A 0 is Cr, A 1 is 
The compound according to any of Claim 1-9, wherein N is about 



A lithium or lithium-ion secondary battery including the compound 
10 as the positive electrode material. 

A method of preparing a compound having the formula LiMnj. 
x[A] x 0 2 wherein 0<x<0.5, [A] is a combination of two or more dopants, and the average 
oxidation state N of the dopant combination [A] is +2.8 < N < +3.2, said method 
comprising the steps of: 

mixing together source compounds containing lithium, manganese and [A] 
in amounts corresponding to the formula LiMn,_ x [Aj x 0 2 wherein 0<x<0.5, [A] is a 
combination of two or more dopants, and the average oxidation state N of the dopant 
combination [A] is +2.8 < N < +3.2; 

firing the mixture of source compounds at greater than 700°C to produce the 
LiMn Nx [A] x 0 2 compound. 

13. The method according to Claim 12, wherein said firing step 
comprises firing the mixture at between 800°C and 1000°C. 



9. 

Ti, and A 2 is Mg. 

10. 

+3.0. 

11. 

of any of Claims 1- 
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